Resting cells of Corynebacterium nephridii reduce nitrate, nitrite, and nitric oxide to nitrous oxide under anaerobic conditions. Nitrous oxide production from nitrite was optimal from pH 7.0 to 7.4. The stoichiometry of nitrous oxide production from nitrite was 99% of the theoretical-two moles of nitrite was used for each mole of nitrous oxide detected. Hydroxylamine increases gas evolution from nitrite but inhibits the reduction of nitric oxide to nitrous oxide. Hydroxylamine is converted to nitrogenous gas(es) by resting cells only in the presence of nitrite. Under certain conditions nitric oxide, as well as nitrous oxide, was detected.
Resting cells of Corynebacterium nephridii reduce nitrate, nitrite, and nitric oxide to nitrous oxide under anaerobic conditions. Nitrous oxide production from nitrite was optimal from pH 7.0 to 7.4. The stoichiometry of nitrous oxide production from nitrite was 99% of the theoretical-two moles of nitrite was used for each mole of nitrous oxide detected. Hydroxylamine increases gas evolution from nitrite but inhibits the reduction of nitric oxide to nitrous oxide. Hydroxylamine is converted to nitrogenous gas(es) by resting cells only in the presence of nitrite. Under certain conditions nitric oxide, as well as nitrous oxide, was detected.
Although several investigators have observed nitrous oxide production by denitrifying bacteria, the main end product of dissimilatory nitrate reduction is nitrogen gas (11) . Nitrous oxide has been discounted as a normal intermediate in denitrification by several workers (1, 10) . However, Kluyver and Verhoeven (6) concluded that nitrous oxide is an intermediate in denitrification by at least some bacterial species.
This study was undertaken to characterize the general features of denitrification by Corynebacterium nephridii. This organism was chosen for investigation because it possesses a unique denitrifying system, inasmuch as growing cells reduce nitrate to nitrous oxide (4) . It was hoped that knowledge gained with this organism would aid in evaluating the pathway of dissimilatory nitrate reduction in other bacterial species.
MATERIALS AND METHODS C. nephridii (ATCC 11425) was grown in trypticase soy broth (TSB) supplemented with 1% potassium nitrate and 0.5% glucose. For studies with growing cells, 15 ml of medium was dispensed into 50-ml Warburg flasks and sterilized. A I -ml amount of a 20% KOH solution was added to the center well and the flasks were inoculated with 1 ml of a 24-hr broth culture of C. nephridii. A rubber serum stopper was used to seal one side arm of the flasks; the flasks were connected to manometers, flushed with helium for 30 min, and incubated at 30 C. Gas evolution was measured manometrically. To determine the composition of the gas produced, the atmosphere above the medium was sampled periodically by means of a gas syringe inserted into the flask through the serum stopper. The gas withdrawn was then analyzed by gas chromatography. Nitrate and nitrite in the medium were detected by detaching flasks from the manometers and analyzing samples of the culture fluid. Growth was measured by centrifuging a sample of the culture and determining the nitrogen content of the washed cells.
For studies with resting cells, 300 ml of TSB medium with nitrate and glucose contained in 500-ml Erlenmeyer flasks was inoculated with 20 ml of a 24-hr C. nephridii culture grown in a screw-cap test tube. After anaerobic incubation at room temperature for 38 hr, the cells were harvested by centrifugation, washed twice with saline, and suspended in saline so that a 1:100 dilution gave a Klett reading of approximately 90 Klett units, using the blue filter.
Denitrification by resting cells was measured manometrically in 15-ml double-side arm Warburg flasks.
Each flask usually contained 100 ;umoles of phosphate buffer-(pH 7.2) and 0.5 ml of standardized cell suspension in the main compartment. Sodium lactate (30 Mmoles) and the desired concentration of nitrite or nitrate (13.5 ;&moles unless otherwise specified) were contained in the side arms until the reaction was begun. The center well contained 0.2 ml of 20% KOH. When the effect of hydroxylamine on denitrification was studied, nitrite, freshly neutralized hydroxylamine, and lactate were placed in the main compartment, and the cell suspension was tipped in from the side arm. The total volume in the flasks was 3.0 ml, and contents of the flasks were incubated in an atmosphere of helium.
Samples for gas analysis were withdrawn through the serum stoppers attached to the Warburg flasks by means of a gas-tight syringe and injected into a model 29 Gas Partitioner (Fisher Scientific Co., Pittsburgh, Pa. 
RESULTS
Nitrate disappearance and gas evolution were most rapid during the first 36 hr of growth of C. nephridii (Table 1) . At all times, nitrate was stoichiometrically converted to nitrous oxide. For example, after 72 hr of incubation 78. 5 ,umoles of nitrate nitrogen per ml had disappeared from the medium and 75.8 jAmoles of nitrous oxide nitrogen per ml was detected. During this experiment, the nitrite nitrogen concentration never exceeded 3 jAg/!ml and the pH rose from 7.2 to 9.5. The only gas produced from the reduction of nitrate was nitrous oxide, as determined by gas chromatography. Nitrogen, nitrous oxide, and carbon dioxide were detected in gas samples obtained from growing cultures of C. nephridii (Fig. 1B) . The presence of nitrogen was attributed to incomplete evacuation of the culture after inoculation since nitrogen was detected immediately after evacuation (Fig. 1B , insert) and the peak area did not increase upon further incubation of the culture.
The rate of nitrous oxide production and nitrite disappearance by resting cells of C. nephridii is shown in Fig. 2 . The rate of each was rapid and linear during the first 20 min of reaction. No nitrite was detectable after 30 min of incubation and nitrous oxide was the only gas detected.
After 20 mn of incubation, 6.8 ,moles of nitrous oxide was evolved and 13.5 ,moles of nitrite was consumed. Thus, the observed stoichiometry is close to the theoretical, that is, 1 mole of nitrous oxide is produced by the reduction of 2 moles of nitrite.
The effect of pH on gas formation was investigated and the results are shown in Fig. 3 . Denitrification occurred from pH 6 to 9, with a peak of activity between pH 7.0 and 7. clear that the additional gas observed in those flasks containing hydroxylamine must be derived from hydroxylamine. This was further supported by the results of hydroxylamine determinations, which showed that hydroxylamine actually disappeared when nitrite was present. No gas evolution or hydroxylamine disappearance was observed in flasks containing hydroxylamine and lactate but no nitrite. Gas chromatographic analysis demonstrated that hydroxylamine had yet another effect on gas evolution from nitrite. When hydroxylamine and nitrite were both present in the Warburg flasks, nitric oxide, as well as nitrous oxide, was formed (Table 4 ). At a relatively low level of hydroxylamine (10 ,umoles per flask), the gas evolved was composed of approximately 50% nitrous oxide and 50% nitric oxide. The percentage of nitrous oxide in the gas mixture increased as the hydroxylamine concentration was increased until, at the highest hydroxylamine concentration employed (5,000 ,moles/flask), no nitric oxide was detected. Hydroxylamine was also observed to have similar effects on gas production with nitrate as terminal electron acceptor.
Increased gas evolution in the presence of hydroxylamine may have resulted from increased nitric or nitrous oxide formation, or from an increase in both. To distinguish these possibilities, as well as to confirm the gas chromatographic identification of nitric oxide, 0.3 ml of a 10% solution of alkaline sulfite, which absorbs nitric oxide (13) , was added to one side arm of a Warburg flask. The addition of alkaline sulfite to flasks containing hydroxylamine, nitrite, and lactate decreases gas production to almost the same level found in flasks containing nitrite and lactate and in which only nitrous oxide was formed (Fig. 4 ). It appears, therefore, that gas production is increased by relatively low levels of hydroxylamine by an increase in nitric oxide formation. This interpretation, however, does not explain increased gas production at higher hydroxylamine levels.
Resting cells of C. nephridii also produce nitrous oxide from nitric oxide, but this reaction is inhibited by 30 ,umoles of hydroxylamine (Fig.  5 ), unlike gas production from nitrite. Nitrous oxide formation from nitric oxide is rapid and linear with no apparent lag. Gas analysis of a sample from this reaction showed that nitrous oxide was the sole detectable product.
DISCUSSION
Since nitrate is necessary for anaerobic growth and is reduced stoichiometrically to nitrous oxide by growing cultures of C. nephridii, this bacterium possesses a dissimilatory nitrate reductase. The use of C. nephridii for studying dissimilatory nitrate reduction possesses several unique advantages. Although nitrous oxide has been detected in experiments with other denitrifying organisms, its role as an intermediate in denitrification has not been definitely established. Since C. nephridii cannot reduce nitrous oxide to nitrogen gas (Renner, unpublished data), the end product of nitrate or nitrite reduction is nitrous oxide; thus, investigations with this organism may help elucidate the importance of nitrous oxide in respiratory nitrate reduction. Furthermore, nitrous oxide is the only gas produced from nitrate by growing or resting cells of C. nephridii, so that studies of the pathway of denitrification are not complicated by the production of two gases as often occurs with other denitrifying organisms (6, 7) .
A tentative scheme, consistent with the data for dissimilatory nitrate reduction in C. nephridii, is depicted in Fig. 6 10+30pmoles NH20H This interpretation would explain why the rate of gas evolution and also the total gas production were greater than those obtained from nitrite alone when both hydroxylamine and nitrite were added to cells (Table 4) It would appear that hydroxylamine is also an inhibitor of nitrite reduction in C. nephridii. A likely site for the inhibitory effect of hydroxylamine is the conversion of nitric oxide to the hypothetical intermediate "[X]" in Fig. 6 . Evidence to support this interpretation includes results which demonstrated that nitric oxide is not reduced to nitrous oxide in the presence of hydroxylamine (Fig. 5) and also the observation that nitric oxide can be detected when hydroxylamine is added to a reaction mixture containing resting cells, lactate, and either nitrite or nitrate (Table 4) .
Finally, the role of nitrous oxide as a "true" intermediate of denitrification is not yet certain. Under normal conditions, nitrous oxide is produced in stoichiometric amounts from nitrate by either growing or resting cells of C. nephridii. Furthermore, nitrous oxide can be produced from nitric oxide and, therefore, may be formed via a nitric oxide reductase. However (Fig. 6) , the possibility that nitrous oxide may be formed nonenzymatically from the hypothetical inter- 
